The objective of this study was to determine the effect of a synthesis procedure of Sr hexaaluminate on catalytic performance during the decomposition of ionic liquid monopropellants based on ammonium dinitramide (ADN) and hydroxyl ammonium nitrate (HAN). Sr hexaaluminates were prepared via both coprecipitation and a sol-gel process. The surface area of hexaaluminate synthesized via the coprecipitation method was higher than that of hexaaluminate synthesized by the sol-gel process, and calcined at the same temperature of 1200 • C or more. This is because of the sintering of α-Al 2 O 3 on the hexaaluminate synthesized via the sol-gel process, which could not be observed on the catalysts synthesized via the coprecipitation method. The hexaaluminate synthesized via coprecipitation showed a lower decomposition onset temperature during the decomposition of ADN-and HAN-based liquid monopropellants in comparison with the catalysts synthesized via the sol-gel process, and calcined at the same temperature of 1200 • C or more. This is attributed to the differences in the Mn 3+ concentration and the surface area between the two hexaaluminates. Consequently, the hexaaluminate synthesized via coprecipitation which calcined above 1200 • C showed high activity during the decomposition of energetic ionic liquid monopropellants compared with the hexaaluminate synthesized via the sol-gel process.
Introduction
Ionic liquid monopropellants, referred to as energetic ionic liquid solutions, are used for propulsion in aerospace applications. The circuit and the attitude of a satellite are controlled by small thrusters, which rely on the catalytic decomposition of hydrazine (N 2 H 4 ) on solid catalysts [1] . Although hydrazine is commonly used in the aerospace industry, replacing this conventional monopropellant with an eco-friendly monopropellant is crucial because of the high toxicity and high processing costs of hydrazine [1] [2] [3] . Among promising candidates, liquid monopropellants containing ammonium dinitramide (ADN, NH 4 N(NO 2 ) 2 ) or hydroxyl ammonium nitrate (HAN, NH 3 OHNO 3 ) are considered the most attractive alternatives [4] . Recently, ADN-based liquid monopropellants consisting of an ADN aqueous solution, methanol, and ammonia were commercialized [5] . An HAN-based liquid monopropellant was also used in aqueous solutions [6, 7] . ADN and HAN are highly energetic compounds, and the decomposition of ADN-and HAN-based
Results and Discussion

Characterization of Hexaaluminates
The N 2 -adsorption isotherms of the Sr hexaaluminate catalysts synthesized via the sol-gel process which calcined at a temperature of 1000 • C or lower ( Figure 1 ) showed a type IV(a) isotherm in the International Union of Pure and Applied Chemistry (IUPAC) classification [19] ; furthermore, they exhibited the H3 type of hysteresis loop, stemming from the pore network, which consists of macropores that are not entirely filled with pore condensate [19] . In the case of the Sr hexaaluminate catalysts synthesized via the coprecipitation method which calcined at a temperature of 1000 • C or lower, the characteristics of the N 2 -physisorption isotherm did not differ much from those of the N 2 -adsorption isotherm of the Sr hexaaluminate catalysts produced via the sol-gel process ( Figure 2 ). With regards to the catalysts calcined at 1000 • C or lower, the surface area (S BET ) and pore volume (V p ) of the catalyst produced via the sol-gel process were much larger than those of the catalyst prepared (Table 1) . Tian et al. suggested that one of the advantages of the sol-gel method is the low-temperature processing of complex oxides due to the homogeneous mixing of components at a molecular level, thereby enhancing the specific surface area [20] . The results of our study are also in good agreement with their suggestion.
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(a) (b) Figure 1 . N2-adsorption-desorption isotherms of hexaaluminates prepared via (a) coprecipitation method, and (b) the sol-gel procedure. volume estimated from the isotherm at P/P0 = 0.99.
Nitrogen adsorption isotherms of Sr hexaaluminate catalysts which calcined at a temperature higher than 1200 °C showed a type II physisorption isotherm in the IUPAC classification, indicating that the catalysts were converted to nonporous or macroporous material structures during the hightemperature treatment [19] . The specific surface area and pore volume of the catalyst prepared via Nitrogen adsorption isotherms of Sr hexaaluminate catalysts which calcined at a temperature higher than 1200 • C showed a type II physisorption isotherm in the IUPAC classification, indicating that the catalysts were converted to nonporous or macroporous material structures during the high-temperature treatment [19] . The specific surface area and pore volume of the catalyst prepared via the sol-gel process and via the coprecipitation method decreased considerably as the calcination temperature increased (Table 1) . At temperatures exceeded 1200 • C, the pore structure collapsed because of the sintering of the particles, and the specific surface area decreased. In particular, the decreased specific surface area of the Sr hexaaluminate catalyst prepared via the sol-gel process was more remarkable in comparison with the Sr hexaaluminate catalyst synthesized via the coprecipitation method. As a result, the specific surface area of the Sr hexaaluminate catalyst produced via the sol-gel process becomes smaller than that of the catalyst prepared via coprecipitation, heat-treated at the same temperature of 1200 • C or higher.
X-ray diffraction (XRD) patterns of Sr hexaaluminate prepared via coprecipitation are shown in Figure 2 . The XRD patterns of the calcined catalysts at 500 • C and 1000 • C were found to be the γ alumina phase and the θ alumina phase, respectively [21, 22] . However, the catalysts exhibited a predominance of hexaaluminate after calcination at 1200 and 1400 • C. A small amount of LaAlO 3 was detected in the XRD patterns of the catalysts synthesized via the coprecipitation method (JCPDS #31-0022), which is in agreement with previous studies by Kim et al. [23] . The presence of LaAlO 3 was ascribed to the solid-state reaction between the aluminum precursor and the lanthanum precursor.
In the case of the catalyst manufactured via the sol-gel process, the hexaaluminate structure was also readily observable after calcination at a temperature of 1200 • C or higher (Figure 2) . Regardless of the synthesis procedure, a high-temperature treatment of 1200 • C or more was necessary to obtain a hexaaluminate structure. In particular, an XRD pattern in a range of 32 to 36 • of the hexaaluminate sample prepared via the coprecipitation method showed the single hexaaluminate phase (Figure 2a ) [16] . On the other hand, in the same range, the XRD pattern of the catalyst prepared via the sol-gel process exhibited the presence of the α-Al 2 O 3 phase after calcination at 1400 • C (JCPDS #46-1212). Machida et al. stated that a single hexaaluminate phase is necessary to provide a large surface area in the case of hexaaluminate catalysts used for high-temperature decomposition [16] . In addition, it was reported that the thermal stability of Sr hexaaluminate at a high temperature was diminished because of the additional formation of another phase over the catalyst [16, 24] . Comparing the catalysts calcined at 1400 • C, it was confirmed that the catalyst prepared via the sol-gel process had a lower specific surface area than that of the catalyst prepared via the coprecipitation method. The presence of the α-Al 2 O 3 phase in this catalyst prepared via the sol-gel process is thought to be responsible for the decrease of the specific surface area.
The composition of the catalyst surface as confirmed by X-ray fluorescence (XRF) analysis is depicted in Table 2 . In the case of hexaaluminate prepared via the coprecipitation method, the ratios of Mn, Sr, and La to Al were approximately three times higher than those of hexaaluminate produced via the sol-gel process. This means that the concentration of cross-linked Al was high inside the spinel block with a mirror surface in the hexaaluminate sample prepared via the coprecipitation method. Therefore, hexaaluminate prepared via coprecipitation had a more stable structure, which was also confirmed by XRD analysis.
Regardless of the synthesis procedure used, the Sr concentration increased rapidly as the calcination temperature increased; this was ascribed to the migration of Sr from the inside of the hexaaluminate structure to the surface at a high temperature. Meanwhile, the surface compositions of the catalysts calcined at 1200 and 1400 • C were similar to that of Sr hexaaluminate (Sr 0.8 La 0.2 Mn 11 O 19 ), which is well known in the literature [16, 23, 24] .
in the case of hexaaluminate catalysts used for high-temperature decomposition [16] . In addition, it was reported that the thermal stability of Sr hexaaluminate at a high temperature was diminished because of the additional formation of another phase over the catalyst [16, 24] . Comparing the catalysts calcined at 1400 °C, it was confirmed that the catalyst prepared via the sol-gel process had a lower specific surface area than that of the catalyst prepared via the coprecipitation method. The presence of the α-Al2O3 phase in this catalyst prepared via the sol-gel process is thought to be responsible for the decrease of the specific surface area. The temperature-programmed reduction (TPR) profiles of the Sr hexaaluminate catalysts prepared via coprecipitation, with a distinct reduction peak around 340 • C and a broad peak around 700 • C, are shown in Figure 3 . The peak around 340 • C was attributed to the reduction of the manganese ions (Mn 3+ ) located at the aluminum interstitial site adjacent to the mirror plane, which are easily reduced by the rapid diffusion of H 2 between the spinel blocks [25] . The peak around 700 • C corresponds to the reduction of the Mn 3+ ions arranged in the spinel block, which were more difficult to reduce. The former ions are known to be the most reactive manganese species. The temperature-programmed reduction profiles of the catalysts produced via the sol-gel process showed smaller reduction peaks at a higher temperature than those prepared by coprecipitation. The difference in reduction temperature indicates that Mn 3+ ions were positioned at different distances from the mirror plane. On the other hand, the difference in the peak area discloses that different numbers of Mn 3+ ions arose in the hexaaluminate lattice. According to the TPR analysis, the Sr hexaaluminate catalyst prepared via coprecipitation contained more reactive Mn 3+ ions than that prepared via the sol-gel process.
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The temperature-programmed reduction (TPR) profiles of the Sr hexaaluminate catalysts prepared via coprecipitation, with a distinct reduction peak around 340 °C and a broad peak around 700 °C, are shown in Figure 3 . The peak around 340 °C was attributed to the reduction of the manganese ions (Mn 3+ ) located at the aluminum interstitial site adjacent to the mirror plane, which are easily reduced by the rapid diffusion of H2 between the spinel blocks [25] . The peak around 700 °C corresponds to the reduction of the Mn 3+ ions arranged in the spinel block, which were more difficult to reduce. The former ions are known to be the most reactive manganese species. The temperature-programmed reduction profiles of the catalysts produced via the sol-gel process showed smaller reduction peaks at a higher temperature than those prepared by coprecipitation. The difference in reduction temperature indicates that Mn 3+ ions were positioned at different distances from the mirror plane. On the other hand, the difference in the peak area discloses that different numbers of Mn 3+ ions arose in the hexaaluminate lattice. According to the TPR analysis, the Sr hexaaluminate catalyst prepared via coprecipitation contained more reactive Mn 3+ ions than that prepared via the sol-gel process. An X-ray photoelectron spectroscopy (XPS) analysis was conducted to observe the oxidation state of manganese species present on the surface of the catalyst, and of the oxygen present on the surface of the catalyst and in the spinel block lattice. The Mn2p3/2 and O1s XPS spectra of hexaaluminate catalysts prepared via the coprecipitation and sol-gel methods are presented in Figures 4 and 5 , respectively. The Mn2p3/2 spectra showed a band between 641.2 and 642.5 eV. This is the binding energy of the Mn 2+ and Mn 3+ oxidation states over the hexaaluminates, a finding consistent with the results of Arai et al. [15] . In the case of C-500 and C-1000 catalysts, Mn2p3/2 peaks were observed around 642.0 eV, which is the reported value for MnO2 [26] . When the calcination temperature was increased above 1200 °C, the binding energy values for the Mn2p3/2 peaks shifted to near 641.0 eV, which is a location between that of the Mn2p3/2 in MnO and Mn2O3. Similar trends were observed for the hexaaluminate catalysts prepared via the sol-gel method.
On the other hand, the O1s spectra were divided into two bands. The band appearing near 530 eV corresponds to the adsorbed oxygen species on the surface, while the band between 520 and 525 eV was a result of the lattice oxygen existing in the spinel block [27] . With regards to the catalysts An X-ray photoelectron spectroscopy (XPS) analysis was conducted to observe the oxidation state of manganese species present on the surface of the catalyst, and of the oxygen present on the surface of the catalyst and in the spinel block lattice. The Mn2p 3/2 and O1s XPS spectra of hexaaluminate catalysts prepared via the coprecipitation and sol-gel methods are presented in Figures 4 and 5 , respectively. The Mn2p 3/2 spectra showed a band between 641.2 and 642.5 eV. This is the binding energy of the Mn 2+ and Mn 3+ oxidation states over the hexaaluminates, a finding consistent with the results of Arai et al. [15] . In the case of C-500 and C-1000 catalysts, Mn2p 3/2 peaks were observed around 642.0 eV, which is the reported value for MnO 2 [26] . When the calcination temperature was increased above 1200 • C, the binding energy values for the Mn2p 3/2 peaks shifted to near 641.0 eV, which is a location between that of the Mn2p 3/2 in MnO and Mn 2 O 3 . Similar trends were observed for the hexaaluminate catalysts prepared via the sol-gel method.
On the other hand, the O1s spectra were divided into two bands. The band appearing near 530 eV corresponds to the adsorbed oxygen species on the surface, while the band between 520 and Catalysts 2019, 9, 80 7 of 15 525 eV was a result of the lattice oxygen existing in the spinel block [27] . With regards to the catalysts synthesized via the sol-gel process, the lattice oxygen band increased with an increase in the calcination temperature, and the band due to lattice oxygen in this case was more apparent than that when the coprecipitation method was used.
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Catalytic Decomposition of the Liquid Monopropellants
The thermal decomposition results of the ADN-and HAN-based liquid monopropellants without a catalyst ( Figure 6 ) showed that the ADN-and HAN-based liquid monopropellants were decomposed in one step. During the decomposition of the liquid monopropellants, the temperature of the catalyst increased sharply because of a strong exothermic reaction. The point at which the temperature started to increase is referred to as the decomposition onset temperature (Tdec) [28, 29] . In addition, the gas product that formed abruptly during the decomposition process was accompanied by an abrupt pressure increase. With regards to thermal decomposition without a catalyst in the decomposition reactions of the ADN-and HAN-based liquid monopropellants, the decomposition onset temperatures were 167.0 °C and 124.7 °C, respectively.
Typical examples of the results of the catalytic decomposition of the ADN-and HAN-based liquid monopropellants are shown in Figure 6 . During decomposition using the catalysts, the decomposition onset temperature was much lower than that during thermal decomposition. The lower the decomposition onset temperature is, the better the catalytic activity will be during the decomposition of the liquid monopropellants [28, 29] . 
The thermal decomposition results of the ADN-and HAN-based liquid monopropellants without a catalyst (Figure 6 ) showed that the ADN-and HAN-based liquid monopropellants were decomposed in one step. During the decomposition of the liquid monopropellants, the temperature of the catalyst increased sharply because of a strong exothermic reaction. The point at which the temperature started to increase is referred to as the decomposition onset temperature (T dec ) [28, 29] . In addition, the gas product that formed abruptly during the decomposition process was accompanied by an abrupt pressure increase. With regards to thermal decomposition without a catalyst in the decomposition reactions of the ADN-and HAN-based liquid monopropellants, the decomposition onset temperatures were 167.0 • C and 124.7 • C, respectively.
Typical examples of the results of the catalytic decomposition of the ADN-and HAN-based liquid monopropellants are shown in Figure 6 . During decomposition using the catalysts, the decomposition onset temperature was much lower than that during thermal decomposition. The lower the decomposition onset temperature is, the better the catalytic activity will be during the decomposition of the liquid monopropellants [28, 29] . The decomposition onset temperatures (Tdec) of the ADN-and HAN-based liquid monopropellants are presented in Table 3 . In the case of catalytic decomposition of the ADN-based liquid monopropellant over the Sr hexaaluminate catalysts after calcination at 1000 °C or lower, the decomposition onset temperature over the Sr hexaaluminate catalysts synthesized via the sol-gel process was much lower than that over the catalysts prepared via the coprecipitation method. In particular, the S-1000 catalyst showed the lowest onset temperature of 92.1 °C. This had the effect of lowering the decomposition onset temperature by 74.9 °C compared with thermal decomposition. However, in the case of the catalyst calcined at a temperature of 1200 °C or higher, the order of the low-temperature activity of the catalysts differed from that over the catalysts calcined at a temperature of 1000 °C or lower. During the catalytic decomposition of the ADN-based liquid monopropellant over the Sr hexaaluminate catalysts after calcination at 1200 °C or higher, the decomposition onset temperature over the catalysts prepared voa the coprecipitation method was lower than that over the catalysts prepared via the sol-gel process. It was confirmed that the specific surface area of the Sr hexaaluminate catalyst prepared via the sol-gel process became smaller than that of the catalyst prepared via coprecipitation when using a catalyst heat-treated at temperatures exceeding 1200 °C. Moreover, the Sr hexaaluminate catalysts prepared via coprecipitation (the C-1200 The decomposition onset temperatures (T dec ) of the ADN-and HAN-based liquid monopropellants are presented in Table 3 . In the case of catalytic decomposition of the ADN-based liquid monopropellant over the Sr hexaaluminate catalysts after calcination at 1000 • C or lower, the decomposition onset temperature over the Sr hexaaluminate catalysts synthesized via the sol-gel process was much lower than that over the catalysts prepared via the coprecipitation method. In particular, the S-1000 catalyst showed the lowest onset temperature of 92.1 • C. This had the effect of lowering the decomposition onset temperature by 74.9 • C compared with thermal decomposition. However, in the case of the catalyst calcined at a temperature of 1200 • C or higher, the order of the low-temperature activity of the catalysts differed from that over the catalysts calcined at a temperature of 1000 • C or lower. During the catalytic decomposition of the ADN-based liquid monopropellant over the Sr hexaaluminate catalysts after calcination at 1200 • C or higher, the decomposition onset temperature over the catalysts prepared voa the coprecipitation method was lower than that over the catalysts prepared via the sol-gel process. It was confirmed that the specific surface area of the Sr hexaaluminate catalyst prepared via the sol-gel process became smaller than that of the catalyst prepared via coprecipitation when using a catalyst heat-treated at temperatures exceeding 1200 • C.
Moreover, the Sr hexaaluminate catalysts prepared via coprecipitation (the C-1200 and C-1400 catalysts) contained more reactive Mn 3+ ions and a greater amount of surface oxygen compared with the catalysts prepared via the sol-gel process (S-1200 and S-1400), which corresponds with the results of the H 2 -TPR analysis.
The order of catalytic activity during the decomposition reaction of the HAN-based liquid monopropellant did not differ significantly from that of the ADN-based liquid monopropellant ( Table 4 ). The decomposition onset temperature during the thermal reaction of the HAN-based liquid monopropellant was 124.7 • C. Using the Sr hexaaluminate catalysts, the decomposition onset temperature could be lowered to 94.9 • C. Recently, Esparza et al. reported that the use of an iridium/rhodium foam catalyst decreased the decomposition temperature of HAN solution by over 60 • C [30] . Because the HAN concentration (24 wt.%) of the HAN-solution that they used is about one-third that of the raw materials of this study, it is unreasonable to compare the effects of the catalysts with each other. Nevertheless, it is notable that Sr hexaaluminate without noble metal can lower the decomposition temperature of an HAN-based monopropellant. For the catalyst calcined at the same temperature of 1200 • C, the catalyst prepared via the coprecipitation method showed a lower onset temperature than that of the catalyst prepared via the sol-gel process. This means that if the catalysts calcined at temperatures of 1200 • C are compared, the catalyst prepared via coprecipitation was superior to the catalyst prepared via the sol-gel process for low-temperature activity during the decomposition of an HAN-based liquid monopropellant. When the ADN-and HAN-based liquid monopropellant decomposition reactions were applied to the thruster of a satellite, the temperature of the catalyst bed rose intermittently to more than 1200 • C [31] . Therefore, the activity of the catalyst calcined at a temperature of 1200 • C or more is an important measure. Consequently, the Sr hexaaluminate catalyst prepared via the coprecipitation method was superior to the catalyst prepared via the sol-gel process with regards to meeting the high heat resistance and low-temperature activity requirements during the decomposition of ionic liquid propellants. Table 4 . Decomposition onset temperature during the catalytic decomposition of a hydroxyl ammonium nitrate (HAN)-based liquid monopropellant.
Catalysts T dec ( • C) a
Thermal decomposition 124.7 C-1200 94.9 S-1200 101.8 a T dec : Decomposition onset temperature.
Repeatability Experiments in Catalytic Decomposition of the ADN-Based Liquid Monopropellants
The decomposition of the ADN-based liquid propellant was repeated four times using the pellet-type C-1200 catalyst. The decomposition onset temperature did not increase considerably during the four-time repetitive decomposition of the ADN-based propellant (Figure 7) . The XRD pattern of the spent C-1200 catalyst was compared with that of the fresh catalyst (Figure 8) , and the spent C-1200 catalyst maintained the hexaaluminate structure well and no difference from the fresh catalyst was found. Consequently, the pellet-type C-1200 catalyst could be recovered and reused.
The decomposition of the ADN-based liquid propellant was repeated four times using the pellettype C-1200 catalyst. The decomposition onset temperature did not increase considerably during the four-time repetitive decomposition of the ADN-based propellant (Figure 7) . The XRD pattern of the spent C-1200 catalyst was compared with that of the fresh catalyst (Figure 8) , and the spent C-1200 catalyst maintained the hexaaluminate structure well and no difference from the fresh catalyst was found. Consequently, the pellet-type C-1200 catalyst could be recovered and reused. 
Materials and Methods
Synthesis of Hexaaluminates
Sr hexaaluminates with the composition of Sr0.8La0.2MnAl11O19 were prepared using either a wellknown precipitation method or the sol-gel process [17, 22] . The procedure used to prepare the catalyst via the precipitation method is as follows [17] : nitrates of lanthanum, aluminum, manganese, and strontium were weighed to meet the composition requirements. Precursors except for the aluminum nitrate were mixed with 300 mL of distilled water. HNO3 was added to adjust the pH to 1, after which the aluminum nitrate was added and the solution was stirred to result in a precursor mixture solution. To 200 mL of distilled water was added 64.06 g of ammonium carbonate to prepare a 1 M ammonium carbonate solution. After adding 200 mL of the ammonium carbonate solution to a fournecked flask, a 1 M NH4OH solution and the precursor mixture solution were prepared in a separating funnel, and a pH meter, a thermocouple, and a mechanical stirrer were installed. The temperature of the heating mantle was maintained at 60 °C with the stirring speed of the impeller being maintained at 300 rpm, and the precursor mixture solution was added in a dropwise manner (100 mL/min) to the aqueous solution of ammonium carbonate. The pH of the mixture of the precursor and ammonium carbonate solution was controlled with 1 M NH4OH solution to hold the pH at 7-8. The precipitate was washed and vacuum filtration was repeated three times to remove the nitrates and excess ammonium carbonate. The powder was then dried in an oven at 110 °C for 24 h. The dried powder was pre-calcined at 500 °C for two hours in an air atmosphere and subsequently calcined at 1000 °C, 1200 °C, or 1400 °C for four hours. The catalyst prepared via the precipitation method is referred to as "C-(number)", with the numbers in parentheses indicating the calcination temperature.
The procedure for preparing the Sr hexaaluminate (Sr0.8La0.2MnAl11O19) catalyst via the sol-gel process is as follows [24] : firstly, 10 g of aluminum isopropoxide (99.99%, Aldrich, Saint Louis, MO, USA) and Sr metal (99%, Aldrich, Saint Louis, MO, USA) calculated according to the composition requirements were prepared in an N2 atmosphere glove box. Subsequently, 100 mL of 1-buthanol (99.8%, Aldrich, Saint Louis, MO, USA) was continuously added through a Schlenk line in an N2 
Materials and Methods
Synthesis of Hexaaluminates
Sr hexaaluminates with the composition of Sr 0.8 La 0.2 MnAl 11 O 19 were prepared using either a well-known precipitation method or the sol-gel process [17, 22] . The procedure used to prepare the catalyst via the precipitation method is as follows [17] : nitrates of lanthanum, aluminum, manganese, and strontium were weighed to meet the composition requirements. Precursors except for the aluminum nitrate were mixed with 300 mL of distilled water. HNO 3 was added to adjust the pH to 1, after which the aluminum nitrate was added and the solution was stirred to result in a precursor mixture solution. To 200 mL of distilled water was added 64.06 g of ammonium carbonate to prepare a 1 M ammonium carbonate solution. After adding 200 mL of the ammonium carbonate solution to a four-necked flask, a 1 M NH 4 OH solution and the precursor mixture solution were prepared in a separating funnel, and a pH meter, a thermocouple, and a mechanical stirrer were installed. The temperature of the heating mantle was maintained at 60 • C with the stirring speed of the impeller being maintained at 300 rpm, and the precursor mixture solution was added in a dropwise manner (100 mL/min) to the aqueous solution of ammonium carbonate. The pH of the mixture of the precursor and ammonium carbonate solution was controlled with 1 M NH 4 OH solution to hold the pH at 7-8. The precipitate was washed and vacuum filtration was repeated three times to remove the nitrates and excess ammonium carbonate. The powder was then dried in an oven at 110 • C for 24 h. The dried powder was pre-calcined at 500 • C for two hours in an air atmosphere and subsequently calcined at 1000 • C, 1200 • C, or 1400 • C for four hours. The catalyst prepared via the precipitation method is referred to as "C-(number)", with the numbers in parentheses indicating the calcination temperature.
The procedure for preparing the Sr hexaaluminate (Sr 0.8 La 0.2 MnAl 11 O 19 ) catalyst via the sol-gel process is as follows [24] : firstly, 10 g of aluminum isopropoxide (99.99%, Aldrich, Saint Louis, MO, USA) and Sr metal (99%, Aldrich, Saint Louis, MO, USA) calculated according to the composition requirements were prepared in an N 2 atmosphere glove box. Subsequently, 100 mL of 1-buthanol (99.8%, Aldrich, Saint Louis, MO, USA) was continuously added through a Schlenk line in an N 2 atmosphere for five hours. Hydrolysis proceeded by slowly adding an Mn nitrate and La nitrate solution to the abovementioned solution via a dropwise approach. The resulting gel solution was aged for 12 h while being maintained at 80 • C in air and vigorously stirred. The aged gel was dried in a rotary vacuum evaporator. The fully dried material was ground to a powder having a size of 250 µm or less. Thereafter, the mixture was calcined at 500 • C for two hours and then calcined at 1000 • C, 1200 • C, or 1400 • C for four hours. The catalyst prepared via the sol-gel process is termed "S-(number)", and the numbers in parentheses indicate the calcination temperature, as above.
In order to verify the repeatability of the catalyst used in this study, it was necessary to use a shaped catalyst. In this regard, the C-1200 catalyst was mixed with a binder. Subsequently, a pellet-type catalyst with a diameter of 2 mm and a length of 3 mm was prepared via extrusion of a mixture of the powder catalyst and the binder.
Characterization of Catalysts
The N 2 adsorption isotherms were analyzed using a BELSORP mini II (BEL, Toyonaka, Japan). All samples were dried, and 0.1 g of each sample was loaded into the cell. A pretreatment was carried out at 200 • C under a vacuum for six hours. An adsorption isotherm was obtained by measuring the amount of N 2 gas adsorbed across a range of pressures from 10 −3 to 760 Torr at a constant temperature of −196 • C. Conversely, a desorption isotherm was achieved by measuring N 2 gas removed while the pressure was reduced to 10 −3 Torr. Surface area and pore size distribution of the MMZ Y samples were determined using the Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) methods, respectively. X-ray fluorescence (XRF) was measured using a ZSX Primus (Rigaku, Tokyo, Japan) to determine the composition of the prepared catalysts. The crystalline structure of the catalyst was examined by low-angle X-ray diffraction (XRD) using a Rigaku D/MAX-2200V diffractometer (Tokyo, Japan) with a built-in Cu tube. Reduction of the collected data was then carried out using the JADE program.
BEL-CAT-B (BEL, Toyonaka, Japan) was used for temperature-programmed reduction (TPR) of hydrogen to analyze the reducibility of the catalysts. The catalyst sample (0.02 g) was outgassed at 200 • C under a helium flow (50 mL/min) for two hours, and then cooled to 50 • C. Subsequently, the temperature was increased to 800 • C at a rate of 10 • C/min, and the consumed H 2 was measured using a thermal conductivity detector.
For analysis of the binding energy of Mn2p and Ols, X-ray photoelectron spectroscopy (XPS, MultiLab 2000, Thermo Fisher Scientific, Waltham, MA, USA) was employed. The C1s peak (binding energy = 284.5 eV) was used as a reference for the binding energy calibration.
Thermal and Catalytic Decomposition of Liquid Monopropellants
The composition of the ADN-based liquid monopropellant was 65% ADN, 10% water, 20% methanol, and 5% ammonia. In addition, a 70% aqueous HAN solution was used as a model reactant for the HAN-based liquid monopropellant. A catalyst evaluation test was performed in a custom-made batch-type reactor ( Figure 9 ) with reference to the literature [32] . The decomposition reaction procedure of the liquid monopropellants is as follows: firstly, 80 mg of Sr hexaaluminate powder catalyst was loaded into a sample holder inside the reactor, and 50 µL of a single-liquid propellant was added using a micropipette. Thtable e temperature of the sample holder inside the reactor was raised to 200 • C at a rate of 10 • C/min. At this time, the pressure and the temperature on the gas phase were recorded ten times per second. The reaction activity was evaluated using the decomposition onset temperature (T dec ), which is the temperature at which the inflection point of the temperature curve starts. The procedure of thermal decomposition was the same as the catalytic decomposition experiment except that no catalyst was loaded inside the reactor.
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Conclusions
The synthesis procedure and the heat-treatment temperature had a great influence on the physicochemical properties of the Sr hexaaluminates. The surface area of hexaaluminate synthesized via the coprecipitation method was greater than that of hexaaluminate synthesized via the sol-gel process and calcined at the same temperature of 1200 °C or more. This results from the sintering of α-Al2O3 on the hexaaluminate synthesized via the sol-gel process, which could not be observed on the catalysts synthesized via the coprecipitation method.
The hexaaluminate synthesized via coprecipitation showed a lower decomposition onset temperature during the decomposition of ADN-and HAN-based liquid monopropellants in comparison with the catalysts synthesized via the sol-gel process which calcined at the same temperature of 1200 °C or more. This is attributed to the differences in the Mn 3+ concentration, as well as in surface area, between the two hexaaluminates. In conclusion, the hexaaluminate synthesized via coprecipitation which calcined above 1200 °C showed high activity during the decomposition of the energetic ionic liquid monopropellant compared with the hexaaluminate synthesized via the solgel process. 
